Coherent motion of the electrons in the Bloch states is one of the fundamental concepts of the charge conduction in solid state physics. In layered materials, however, such a condition often breaks down for the interlayer conduction, when the interlayer coupling is significantly reduced by e.g. large interlayer separation. We report that complete suppression of coherent conduction is realized even in an atomic length scale of layer separation in twisted bilayer graphene. The interlayer resistivity of twisted bilayer graphene is much higher than the c-axis resistivity of Bernal-stacked graphite, and exhibits strong dependence on temperature as well as on external electric fields. These results suggest that the graphene layers are significantly decoupled by rotation and incoherent conduction is a main transport channel between the layers of twisted bilayer graphene.
Coherent motion of the electrons in the Bloch states is one of the fundamental concepts of the charge conduction in solid state physics. In layered materials, however, such a condition often breaks down for the interlayer conduction, when the interlayer coupling is significantly reduced by e.g. large interlayer separation. We report that complete suppression of coherent conduction is realized even in an atomic length scale of layer separation in twisted bilayer graphene. The interlayer resistivity of twisted bilayer graphene is much higher than the c-axis resistivity of Bernal-stacked graphite, and exhibits strong dependence on temperature as well as on external electric fields. These results suggest that the graphene layers are significantly decoupled by rotation and incoherent conduction is a main transport channel between the layers of twisted bilayer graphene. In many layered systems, the interlayer coupling is one of the key parameters for altering their electronic properties [1] [2] [3] [4] [5] [6] . When a thick insulating block is inserted between the metallic layers, the interlayer coupling can be significantly reduced, leading to breakdown of the interlayer coherence, as nicely demonstrated in two dimensional electron gas (2DEG) in semiconductor superlattice [6] . Such an "interlayer version" of the Mott-Ioffe-Regel limit is realized when the layer separation exceeds the mean free path across the layers, which is evidenced by qualitatively different temperature dependences of the intralayer (metallic) and the interlayer (semiconducting) resistivities. The intriguing interlayer conduction has been observed in various systems including high-T c cuprates [1] , organic crystals [2] , dichalcogenides [3] , graphite [4, 5] and semiconductor superlattices [6] , but its underlying mechanism related to the interlayer incoherence has been under debate in last decades [7] .
Graphene, an ideal 2DEG system, also exhibits rich electronic properties depending on how it is stacked on top of another graphene layer [8, 9] . While bilayer graphene in Bernal stacking has massive charge carriers with a zero band gap, twisted bilayer graphene with a random orientation of the layers has a massless electronic dispersion similar to that of monolayer graphene [10] . Twisted bilayer graphene is of particular interest because several intriguing properties such as renormalization of Fermi velocity [10, 11] , van Hove singularities [12] , and electronic localization [11, 13] were recently discovered. Experimental studies including angle-resolved photoemission spectroscopy [14] , scanning tunneling spectroscopy [12] , Raman spectroscopy [15, 16] , and in-plane transport [17, 18] , suggest that the layers are decoupled in twisted bilayer graphene, and the misoriented layers are often considered as being electrically isolated. However, it is still not clear what sense the layers are decoupled on an atomic length scale of the layer separation, and how strong the interlayer coupling is in twisted bilayer graphene [9, 19] .
In this Letter, we present experimental evidence for complete suppression of the interlayer coherence between in twisted bilayer graphene. We found that the interlayer resistivity of twisted bilayer graphene is much higher than that of Bernal-stacked graphite by at least 4 orders of magnitude. In contrast to the almost temperatureindependent intralayer resistivity, the interlayer resistivity exhibits strong negative temperature dependence. These results demonstrate that incoherent tunneling is a main conduction channel between the layers, due to the momentum-mismatch of the 2 dimensional Fermi surfaces from each layer. We thus suggest that the twisted bilayer graphene provides a rare example of the layered systems showing the interlayer incoherence even with a small layer separation of ∼ 4Å.
In order to fabricate the graphene cross junction we employed a mechanical transfer process [20] . Twisted bilayer graphene is formed in the overlapped region of two monolayer graphene layers, as shown in Fig. 1(a) . During the process, the surfaces of both the lower and the upper graphene layers are kept free of contact to chemical solvents until they overlap with each other. This is crucial for ensuring tight contact between the layers without any chemical adsorbates in-between. Before discussing the interlayer transport properties of twisted bilayer graphene, we confirm that in the overlapped region, two graphene layers are tightly stacked. Figure 1 shows the optical and the atomic force microscopy (AFM) images of the twisted bilayer graphene sample that is mainly discussed in this manuscript. The separation between the layers is d ≈ 0. Twisted stacking of the graphene layers in the overlapped region is also demonstrated by Raman spectroscopy. According to recent studies [15, 16] , the double resonance peak (2D) of twisted bilayer graphene resembles a single Lorentzian peak rather than multiple peaks as found in Bernal-stacked bilayer graphene. Furthermore, the Fermi velocity of twisted bilayer graphene is known to be reduced as compared to the monolayer inducing a blue-shift of the 2D peak. Both features are found in our sample when we compare the spectra of the overlapped region (C) with those of the bottom (A) and the top (B) layers. The Raman 2D peak at C is blueshifted (2682 cm −1 ) as compared to the peaks at A and B (2672 cm −1 ). By contrast, the Raman G peaks appear at the same position of ∼ 1582 cm −1 for the twisted bilayer and the monolayer regions [ Fig. 1(e) ]. These observations confirm that the graphene layers are indeed coupled at high energy levels in the overlapped region. According to Ref. [16] , a blue-shift of the 2D peak by ∼ 10 cm
with an enhancement of its intensity corresponds to the twist angle of 15 o -30 o .
The interlayer transport measurements in the twisted layers were done using four branches of monolayers as electrical leads. For both bottom and top monolayers, the intralayer resistivity as a function of back-gate voltage (V g ) shows a narrow peak at V g = 2 V without significant temperature dependence [21] . For the interlayer transport, we apply the current between each branch of the bottom and the top layers and measure the interlayer The crossover temperature T * from the T -independent to the strong T -dependent regimes is indicated by the arrows.
voltage drop using the other two branches as illustrated in Fig. 2(a) . In total, four devices of the twisted bilayer graphene were studied (Table 1) , and all devices show qualitatively similar behaviors of the interlayer conduction. We present the results obtained from S1 [ Fig. 2(b) ] unless otherwise noted. Figure 2 (c) displays the currentvoltage (I-V ) characteristics through the layers at the charge neutral point with a back-gate voltage of V g =V N in the temperature range from 2 K to 280 K. The I-V characteristics exhibit the ohmic behaviors, and it is sustained down to 2 K.
Despite the linear I-V characteristics the interlayer resistivity (ρ inter ) is very large. Figure 2(d) shows the interlayer resistivity ρ inter as a function of V g at various temperatures. Here we define ρ inter ≡ R inter ·A/d, where A is the area of the overlapped region, d is the interlayer distance, and R inter is the interlayer resistance [20] . At 280 K, ρ inter ∼ 2000 Ωcm, which is at least four orders of magnitude higher than the reported values of the caxis resistivity ρ c for graphite. Typically ρ c ranges from ∼ 10 −4 Ωcm for single crystalline graphite [4] to ∼10 −1
Ωcm for highly oriented pyrolytic graphite (HOPG) [4, 5] . The interlayer resistivity shows a strong temperature dependence as shown in Fig. 2(e) . ρ inter (T ) at charge neutral point (V g = V N ) increases with lowering temperature, and it saturates at ∼ 7800 Ωcm below the crossover temperature T * ∼ 90 K. The similar temperature dependence was observed in other samples [ Fig. 2(f) ]. The negative temperature dependence (dρ inter /dT < 0) is distinct from the intralayer resistance measured for the bottom and the top monolayers, which is almost temperature-independent [ Fig. 2(e) ]. More importantly, this behavior contrasts to the metallic behavior, dρ c /dT > 0 found in single crystalline Bernal-stacked graphites [4] . These results provide experimental evidence for the incoherent interlayer conduction between the layers [22] .
Recent theoretical studies on twisted bilayer graphene suggested that Dirac cones from the two monolayers are misoriented as shown in Fig. 3(a) [19] . When the twist angle is away from the commensurate angle, the overlap of the FS's from each layer does not occur, and the energy difference between states with the same extended mo- mentum is typically much larger than the Fermi energy. In this case, the interlayer tunneling of charge carriers with conservation of their in-plane momentum is significantly suppressed. The interlayer equilibriation time e.g. the RC time τ RC for the interlayer conduction is expected to be 10 −6 -10 −12 sec for n = 5 × 10 12 cm −2 at zero temperature limit. Using the measured σ(2 K) at V g = 30 V and the interlayer dielectric constant ǫ GG ∼ 2.6ǫ 0 [18] , we estimate τ RC ∼ 2 × 10 −10 sec, that is well within the range of theoretical estimates [19] .
For quantitative analysis, we employ a model of metalinsulator-metal junction [23] . The current through a po-tential barrier is given by
(1) where D b,t (E) and f b,t (E) are the density of states (DOS), and the Fermi-Dirac distribution function for the bottom and the top monolayers, respectively. In the model, the conductivity saturates at a zero temperature Fig. 3 (e) ]. The finite and relatively large σ(0) near the charge neutral point is due to the electron-hole puddles [24] , where the charge density inhomogeneity of n 0 ∼ 3 × 10 11 cm −2 are expected [25] .
We now discuss the temperature dependence of the interlayer resistivity, which is determined by tunneling probability between the two monolayers. Since the interlayer tunneling occurs when the Fermi circles intersect in the extended Brillouin zone [19] , it is allowed for excited carriers at higher energies where the two neighboring Dirac cones overlap each other as shown in Fig. 3(b) . Thus we can consider an effective barrier with its height U corresponding to the energies required for interlayer tunneling between two misoriented FS's [27] . The temperature dependence of ρ inter (T ) is well reproduced by the fit using Eq. (1) as shown in Fig. 3(e) . Here we assumed a square barrier with a height of U and a width of w [ Fig. 3(e) ] using the Wentzel-Kramers-Brillouin approximation. For the DOS of monolayer graphene, the phenomenological DOS is used with a broadening factor Γ = 60 meV [20, 25, 26] .
The resulting barrier height U is reduced at high |V g −V N |'s showing electron-hole symmetry, which resembles the behaviors of T * [ Fig. 3(f) ]. This is indeed what is expected since thermal energy needed for the interlayer tunneling decreases when the Fermi circles become larger with increase of carrier density. The barrier width w is found to be 1.0-1.3 nm with a moderate V g dependence similar to that of ρ inter (2 K)/ρ inter (280 K) [ Fig. 3(g) ].
Note that the estimated w is about 3 times larger than the interlayer separation d ≈ 0.4 nm measured by the AFM [ Fig. 1 ]. We tested various cases with different magnitude and shape of U , but w > d ≈ 0.4 nm is needed in order to explain the observed strong temperature dependence, i.e. a large value for the ratio ρ inter (2 K)/ρ inter (280 K).
We attribute this discrepancy to the interlayer tunneling assisted by phonon at high temperatures [7] . In this case, the carriers are scattered by acoustic phonon modes within the phonon sphere of diameter q ≈ k B T / v s where v s is sound velocity. In particular, in graphene q can be much larger than the size of Fermi circle at moderate temperatures [28] , and thus phonon-assisted tunneling significantly enhances the overlap between the misoriented FS's as illustrated in Fig. 3(c) . With lowering temperature, therefore, not only the thermally-excited tunneling but also the phonon-assisted tunneling are suppressed, and the effect of the momentum mismatch of the FS's become pronounced. This results in the stronger temperature dependence of ρ inter (T ), leading to more significant suppression of interlayer tunneling than expected in the metal-insulator-metal junction model. Further studies are highly desirable for understanding the incoherent interlayer tunneling process assisted by phonon and other bosons, as discussed recently [7] . Our findings clearly manifest that the momentum-mismatch of the FS's due to misorientation is essential for breakdown of the interlayer coherence in twisted bilayer graphene.
In conclusion, using graphene cross junctions we investigate the interlayer transport properties of twisted bilayer graphene. The large magnitude of the resistivity and its strong dependence on temperature and also on external electric fields reveal that the main interlayer conduction mechanism is incoherent tunneling due to the momentum-mismatch of FS's. Thus the twisted bilayer graphene is a rare example of the layered systems where the interlayer incoherence is induced by misorientation of the layers even with an atomic scale of layer separation. We envisage that the interlayer conduction can be modified by the insertion of other nanosheets using multiple stacking [29] or chemical intercalation [30] . Therefore, graphene cross junctions with further functionalization can provide a new platform incorporating vertical transport of graphene layers for possible electronic applications.
